Posttraumatic stress disorder and major depression share stress as an etiological contributor and are more common in women than in men. Traditionally, preclinical studies investigating the neurobiological underpinnings of stress vulnerability have used only male rodents; however, recent studies that include females are finding sexspecific mechanisms for responding to stress. This MiniReview examines recent literature using a framework developed by McCarthy and colleagues (2012; J Neurosci 32:2241-2247) that highlights different types of sex differences. First, we detail how learned fear responses in rats are sexually dimorphic. Then, we contrast this finding with fear extinction, which is similar in males and females at the behavioral level but at the circuitry level is associated with sex-specific cellular changes and, thus, exemplifies a sex convergence. Next, sex differences in stress hormones are detailed. Finally, the effects of stress on learning, attention, and arousal are used to highlight the concept of a sex divergence in which the behavior of males and females is similar at baseline but diverges following stressor exposure. We argue that appreciating and investigating the diversity of sex differences in stress response systems will improve our understanding of vulnerability and resilience to stress-related psychiatric disorders and likely lead to the development of novel therapeutics for better treatment of these disorders in both men and women. V C 2016 Wiley Periodicals, Inc.
Historically, there has been a disconnect between the clinical literature documenting high rates of stressrelated psychiatric disorders, such as posttraumatic stress disorder (PTSD) and major depression, in women (Kessler et al., 2012) and the preclinical literature investigating the biological basis for stress vulnerability almost exclusively in male rodents (Beery and Zucker, 2011; Lebron-Milad and Milad, 2012) . However, recently, some investigators have begun to include both sexes in preclinical stress studies. These efforts are revealing a variety of sex-specific mechanisms involved in stress responses. This Mini-Review uses a framework for classifying sex differences developed in the landmark article by McCarthy and colleagues (2012) to illustrate the myriad ways that male and female rodents respond differently to stress (Fig. 1 ). Our goal is to provide some key examples of various types of sex differences. By doing so, we hope to highlight the complexity of the stress response system, as well as provide mechanistic insight into vulnerability and resilience to stress and stressrelated psychiatric disorders.
SEXUAL DIMORPHISM: FEAR RESPONSES
Sex differences can be classified as sexually dimorphic when the observed endpoint takes different forms in males and females (McCarthy et al., 2012; Fig. 1A) . Copulatory behavior and postpartum aggression are obvious examples of behaviors that meet this definition in many species. However, it is important to note that some sexually dimorphic behaviors are not so directly related to SIGNIFICANCE: Women are more likely than men to suffer from stress-related psychiatric disorders, including posttraumatic stress disorder and major depression. Preclinical studies in rodents are identifying sex differences in stress response systems that predispose females to stress and certain aspects of stress-related psychiatric disorders. This Mini-Review examines this literature and highlights the wide variety of sex-specific mechanisms for responding to stress. A better understanding of these mechanisms should improve the development of new medications to treat stress-related psychiatric disorders so that they are effective in both men and women.
reproduction. For example, conditioned fear responses are sexually dimorphic (Gruene et al., 2015a) .
Fear conditioning is one of the most common tasks used to study the neurobiological underpinnings of learning and remembering distressing events (Blanchard and Blanchard, 1969; LeDoux, 2000; Maren, 2001) . It has relevance for understanding aspects of panic disorders and PTSD, which are notably more common in women than in men (Fredrikson et al., 1996; Kessler et al., 2012) . In the typical rodent fear conditioning task, a neutral stimulus, such as a tone, is played so that it precedes and predicts the administration of a foot shock, which serves as the unconditioned stimulus (US). After pairing the tone with the shock, the rodent learns to fear the tone, now considered a conditioned stimulus (CS), in anticipation of the aversive US. The strength of the CS-US association is often assessed by presenting the tone alone and then measuring the amount of freezing, considered the conditioned response, as an index of fear of the tone. The greater the freezing to the tone, the stronger the CS-US association is thought to be.
Fear conditioning was developed in male rodents, and most studies have assessed this behavior in males (Lebron-Milad and Milad, 2012) . The few studies that include female rats typically find that females do not freeze to the tone as much as males (Maren et al., 1994; Pryce et al., 1999; Gupta et al., 2001) . One interpretation of this result could be that female rodents do not learn the CS-US association as well as males. However, Gruene et al. (2015a) observed that, rather than freezing, 40% of female rats darted or made a brief, high-velocity movement during the CS presentation (Fig. 2) . In females, darting increases as the number of CS-US trials increases, suggesting that, just as with freezing, darting reflects a (2012) . Males are illustrated with blue, and females are illustrated with red. A: Sexual dimorphism is when an endpoint takes two forms, one that is prevalent in males and another that is prevalent in females. B: Sex convergence is when the endpoint is similar in males and females but the underlying mechanisms are different. C: Sex difference is when an endpoint exists on the same continuum in both sexes, but the endpoints on average are different for males compared with females. Note that we have illustrated the female mean as higher than the male mean, but, of course, the opposite could also be true. D: Sex divergence is when a sex difference emerges after an event, such as a stressor. Although in this depiction the stressor causes an increase in the endpoint in females and a decrease in the endpoint in males, the opposite can also occur. Moreover, in some cases, stress causes the endpoint to change in a similar direction for both males and females, but the magnitude of the effect is greater in one sex than the other. learned response. During extinction trials, when the CS is presented alone and is no longer paired with the US, darting decreases, which again suggests that it is an indication of fear. Females that dart also exhibit comparable freezing during extinction, suggesting that darting and freezing are not mutually exclusive responses. Only a small portion (10%) of male rats dart, but their darting does not increase over CS-US training trials. Therefore, in males, the darting response may reflect general hyperactivity rather than learning. Altogether, these findings reveal that multiple indices of fear should be evaluated to assess fear conditioning adequately in both male and female rats.
The Gruene et al. (2015a) study highlights a broader concern with preclinical tests of stress-related behavior. Most common tasks of fear, anxiety-like, and depressivelike behavior were developed for and validated in male subjects (Kokras and Dalla, 2014; Shansky, 2015) . As more females are included in basic research studies, which is essential for fully understanding the mechanisms required for responding to stress, these traditional tasks must be validated in females, especially given that male and female rodents differ in terms of their size, strength, activity levels, and other characteristics (Fernandes et al., 1999; Kokras and Dalla, 2014; Bangasser, 2015; Shansky, 2015) . Failure to do so could lead to inaccurate conclusions and a misunderstanding of female behavior, ultimately hindering scientific progress.
SEX CONVERGENCE: CIRCUITRY FOR EXTINCTION Males and females have marked biological differences, such as different sex chromosomes and different levels of gonadal hormones, yet often males and females behave similarly. This has led to the proposal that some sex differences in the brain are compensatory and exist to equate behavior between males and females (De Vries, 2004) . Thus, sex convergence occurs when the endpoints are the same but the underlying physiology is different in males and females (McCarthy et al., 2012; Fig. 1B) . Although much of the research into sex differences in stress responding seeks to identify differences in endpoints that may help to explain increased female vulnerability to certain stress-related disorders, sex convergence is also observed. Gruene et al. (2015b) investigated differences in learning circuits between rats that are good at extinction, as defined by low freezing (LF) during the extinction retrieval test, and rats that are poor at extinction, as defined by high freezing (HF). Variability in extinction is comparable between males and females, and on average there are no sex differences in extinction (Gruene et al., 2015b) . However, there are differences in the neuroanatomical correlates of good vs. poor extinction in males and females, specifically in dendritic and spine morphology in the infralimbic (IL) region of the medial prefrontal cortex (mPFC), an area that activates circuitry within the amygdala to suppress fear responses (Herry et al., 2008; Sierra-Mercado et al., 2011) . For amygdala-projecting neurons in the mPFC, compared with LF male rats, HF male rats have significantly shorter apical dendrites and smaller mushroom spines (Gruene et al., 2015b) , which are thought to play a role in the stabilization of memory (Bourne and Harris, 2007) . Notably, morphological differences are not observed in this neuronal population when HF and LF females are compared. This suggests that, although subsets of males and females have high levels of freezing during extinction, the mechanisms that contribute to poor extinction are, at least in part, sex specific. Darting behavior was not considered in this study, but recall that even females that dart freeze during extinction (Gruene et al., 2015a) . That said, future studies examining multiple indices of fear are warranted for fully linking sex differences in extinction circuitry to behavior.
SEX DIFFERENCE: CORTICOSTERONE
In some cases, male and female endpoints take the same form and fall along a continuum, but the group average for each sex is different (Fig. 1C) . This phenomenon is defined as a sex difference (McCarthy et al., 2012) . A good example of a sex difference in the stress field is circulating levels of the glucocorticoid corticosterone in rats. Specifically, on average, female rats have higher baseline Fig. 2 . Learned fear responses of freezing and darting. These responses are sexually dimorphic because they are two different forms of behavior, and darting occurs more frequently in female than in male rats. levels of corticosterone than do males (Kitay, 1961) . These higher corticosterone levels in females track throughout corticosterone's circadian rhythm (Critchlow et al., 1963) . Circulating ovarian hormones appear to contribute to this sex difference because females in the proestrous phase of the estrous cycle (when ovarian hormones are higher) have higher corticosterone levels than females in other cycle stages (Carey et al., 1995; Atkinson and Waddell, 1997) . In contrast to the reliably reported sex difference in corticosterone in rodents, similar reliable sex differences are not found in humans. Levels of cortisol, the glucocorticoid found in humans, are often comparable between healthy men and women (Kirschbaum et al., 1999; Young et al., 2004; Uhart et al., 2006) . That said, cortisol levels are sensitive to a variety of variables (e.g., food intake, certain medications, age, and others), and, if it were possible to control for these variables in humans to the degree that they can be controlled for in rats, perhaps consistently higher levels of cortisol would be observed in women compared with men. Alternatively, the regulation of glucocorticoids could be different in rodents vs. humans. Even if this is the case, high levels of glucocorticoids have been reported for some patients with depression (Deuschle et al., 1997; Plotsky et al., 1998; Holsboer, 2001) , and this effect is even greater in depressed women (Young and Korszun, 2010) . Therefore, understanding the mechanisms that contribute to elevated corticosterone levels in female rats still may have clinical implications.
SEX DIVERGENCE: STRESS-INDUCED ALTERATIONS IN COGNITION AND
AROUSAL Perhaps the most common type of sex difference in respond to stress is a sex divergence. This occurs when males and females are similar on an endpoint at baseline, but an environmental change, such as stressor exposure, induces a "latent" sex difference (McCarthy et al., 2012 ; Fig. 1D ). Stress can either cause opposing effects in the sexes or have a greater effect in one sex compared with the other. Here we provide examples of both.
One endpoint that is affected by stress is learning. For example, exposure to an acute stressor improves the acquisition of classical eye-blink conditioning in male rats (Wood and Shors, 1998; Shors, 2001 ). However, exposure to this same stressor actually impairs learning on this task in female rats (Wood and Shors, 1998) . Thus, the patterns of learning diverge between the sexes and are, in fact, opposite following stressor exposure. This effect is a bit more complicated, however, because at baseline females tend to learn eye-blink conditioning better than males (Wood and Shors, 1998) . Thus, in this example of a sex and stress interaction for learning, there are two different types of sex differences, a baseline sex difference in learning and a stress-induced sex divergence.
The circuitry for eye-blink conditioning is well delineated and requires the cerebellum and associated sensory and motor pathways (for review see Christian and Thompson, 2003) . The regions required for stress to regulate conditioning include the hippocampus and amygdala in both male and female rats (Bangasser and Shors, 2007; Waddell et al., 2008) . In contrast, the bed nucleus of the stria terminalis (BNST) mediates the enhancing effect of stress on learning only in males (Bangasser et al., 2005) . The BNST does not regulate the impairing effect of stress on learning in females, suggesting that the sex divergence in learning following stress is mediated, at least in part, by different circuits (Bangasser and Shors, 2008, 2010) . There are notable sex differences in the BNST in terms of the size of subregions as well as peptide content (van Leeuwen et al., 1985; del Abril et al., 1987) . These sex differences are organized by the perinatal testosterone surge that occurs in male rodents (del Abril et al., 1987; Han and De Vries, 2003) . When that surge is mimicked in female rats by injecting them with testosterone immediately after birth, in adulthood these "masculinized" females have impaired conditioning following stress (Shors and Miesegaes, 2002; Bangasser and Shors, 2008) , and this stress-induced learning impairment in masculinized females requires the BNST . When taken together these studies suggest that a BNST that is masculinized by early testosterone exposure is required for this enhanced learning after a stressful experience. Moreover, these results demonstrate that sex divergence can be driven by engaging different circuits in males and females.
Perhaps more frequently, males and females are the same at baseline, but then stressor exposure causes an effect in only one sex or a greater effect in one sex than in the other (see, e.g., Conrad et al., 2003; Dalla et al., 2005; Greenberg et al., 2014; Hodes et al., 2015) . Recent work from our laboratory exemplifies this (Cole et al., 2016) . We were interested in determining whether the stress neuropeptide corticotropin-releasing factor (CRF) alters sustained attention (i.e., the ability to detect rare and unpredictable events over a prolonged period). Under normal, unstressed conditions, male and female rats performed similarly on a standard sustained attention task (SAT) in which rats were trained to discriminate signaled from nonsignaled trials (Cole et al., 2016) . Central administration of CRF caused a dose-dependent decrease in SAT performance in both sexes, but females were more impaired following a moderate CRF dose. The effect of CRF in females was influenced by their estrous cycle stage such that CRF profoundly impaired sustained attention in females in the diestrous phase of their estrous cycle, characterized by low levels of circulating ovarian hormones (Fig. 3A) . However, CRF had no effect on females in the estrous cycle phases when ovarian hormones were higher (estrus and proestrus were combined for this analysis; Fig. 3A ). This indicates that high levels of ovarian hormones may be protective against the impairing effect of CRF on attention.
We are still trying to elucidate the mechanisms by which CRF impairs attention in males and cycling females. However, some recent evidence suggests that ovarian hormones regulate the circuit required for sustained attention . This circuit includes cholinergic neurons in the basal forebrain region of the nucleus basalis of Meynet (nbM) that project to the cortex (McGaughy et al., 1996; Sarter et al., 2001) . In turn, the PFC sends afferents to the basal forebrain, and by working together these regions coordinate attentional processes (Sarter et al., 2001) . Our laboratory used cFOS as a marker of neuronal activation to determine whether central administration of CRF activated different circuits in male, diestrous female, and proestrous female rats . Indeed CRF's regulation of many regions differs across hormonal conditions; however, of relevance to sustained attention is the relationship between neuronal activation in the nbM region and that in the IL region of the PFC. Although both regions are activated by CRF under all conditions, the correlation for neuronal activation between the nbM and the IL, which was positive only in proestrous females, was significantly different, as assessed with Fisher's z-tests (Maras et al., 2014) , in proestrous females compared with males and diestrous females (Fig. 3B) . This finding suggests that ovarian hormones alter the way in which brain regions that are critical for attention work together in response to CRF, although future studies are required to understand precisely how this process occurs.
Divergent responses to stress mediators are also observed at the cellular level. For example, although noradrenergic neurons in the locus coeruleus (LC) arousal center have similar electrophysiological properties in males and females under most conditions, their response to stress is markedly different (Curtis et al., 2006) . Specifically, hypotensive stress causes a sex divergence such that female LC neurons fire faster than those of males (Curtis et al., 2006) . The effect of hypotensive stress on LC physiology is mediated by CRF 1 receptors (Valentino and Wehby, 1988; Valentino et al., 1991; Curtis et al., 1994) . Therefore, it is not surprising that female LC neurons are more sensitive to intra-LC administration of CRF, as evidenced by the fact that the CRF dose-response curve for LC activation is shifted to the left in female compared with male rats (Curtis et al., 2006) . Divergent electrophysiological responses of LC neurons to CRF are linked to sex differences in the CRF 1 receptor (Bangasser et al., , 2013 . CRF 1 receptors are G-protein-coupled receptors that preferentially bind to the guanosine triphosphate-binding protein Gs to activate the cAMP/PKA signaling pathway (Chen et al., 1986; Grammatopoulos et al., 2001; Hillhouse and Grammatopoulos, 2006) . It is through this pathway that CRF increases LC neuronal firing (Jedema and Grace, 2004) . Thus, increased activation of this pathway in females could explain their heightened electrophysiological responses to CRF. To begin to test this idea, sex differences in CRF 1 receptor coupling to Gs were evaluated . Female rats, in fact, have greater coupling of Gs to the CRF 1 receptor than male rats . This suggests that female CRF 1 receptors would signal more through the cAMP/PKA Fig. 3 . Effect of CRF on sustained attention and its underlying circuitry is mediated by ovarian hormones. A: CRF (0.5 lg, intracerebroventricular administration) impairs the vigilance index, an overall measure of sustained attention, in males and diestrous females but not in estrous/proestrous females. Reproduced with permission from Cole et al. (2016) . B: CRF activates the nbM and the IL sustained attention circuitry in all groups, but the correlation for neuronal activation between these regions, as assessed with Fisher's z-tests, is significantly different in proestrous females compared with other hormonal conditions . *p < 0.05.
pathway. In support of this idea, pharmacological approaches using an antagonist for cAMP revealed that the electrophysiological response of LC neurons to CRF in females is completely cAMP mediated, although this response is only partially mediated by cAMP in males .
Overall, these cellular studies suggest that, compared with males, increased CRF 1 receptor-Gs coupling in females leads to greater activation of the cAMP/PKA signaling pathway to increase LC neuronal firing. Behaviorally, this sex difference is likely to lead to increased arousal following stress in females compared with males. This may be adaptive in certain situations. However, if the LC-arousal system is activated inappropriately or persistently, it could lead to the dysregulated state of hyperarousal (Bangasser and Valentino, 2014) . Hyperarousal is a key feature of PTSD and can contribute to the restlessness, sleep disturbance, and lack of concentration observed in some patients with depression (American Psychiatric Association, 2013). Thus, if a similarly heightened sensitivity of LC neurons to CRF is present in women, it could contribute, in part, to their higher rates of stressrelated psychiatric disorders that have hyperarousal as a key feature. Finally, it is noteworthy that sex differences in CRF 1 receptors are not limited to their signaling. There are differences in CRF 1 receptor trafficking in the LC, CRF receptor binding throughout the forebrain, and CRF receptor colocalization with specific neuronal populations in the hippocampus and dorsal raphe (Bangasser et al., , 2013 Williams et al., 2011; Howerton et al., 2014) . Although detailing these findings is beyond the scope of this Mini-Review, collectively the findings reveal a variety of mechanisms by which stress can cause divergent responses in the sexes. CONCLUSIONS Sex differences in responses to stress are not all created equal; they can range from an endpoint that is similar in both sexes achieved via sex-specific underlying processes to an opposing endpoint in males vs. females following stressor exposure. As more researchers begin to include female subjects, it is essential that they consider the possibility of finding sexual dimorphisms, sex convergences, sex differences, and sex divergences in their studies. Despite the complexity of studying sex differences, the potential benefits range from gaining a better understanding of female neurobiology to developing better pharmacotherapies to treat stress-related psychiatric disorders as well as other psychiatric and neurological disorders such as Alzheimer's disease, which is more common in women and is exacerbated by stress (Gao et al., 1998; Wilson et al., 2006) . In fact, because the underlying mechanisms for responding to stress often differ in males compared with females, it is likely that, in the future, different drugs will be required in men and women to treat optimally a variety of psychiatric and neurological disorders influenced by stress. This treatment approach is consistent with the move toward personalized medicine, in which sex certainly must be considered.
